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conformations of BACE1

Steven A. Spronk* and Heather A. Carlson

Department of Medicinal Chemistry, College of Pharmacy, University of Michigan, Ann Arbor, Michigan

ABSTRACT

p-site amyloid precursor protein cleaving
enzyme 1 (BACEl) is a potential target
for treating Alzheimer’s disease. BACE1’s
binding site is partially covered by a
flexible loop on its N-terminal domain,
known as the “flap,” which has been
found in several conformations in crystal
structures of BACE1 and other aspartyl
proteases. The side chain of the invariant
residue Tyr71 on the flap adopts several
rotameric orientations, leading to our
hypothesis that the orientation of this
residue dictates the movement and con-
formations available to the flap. We
investigated this hypothesis by perform-
ing 220 ns of molecular dynamics simu-
lations of bound and unbound wild-type
BACE1 as well as the unbound Y71A
mutant. Our findings indicate that the
flap exhibits various degrees of mobility
and adopts different conformations
depending on the Tyr71 orientation. Sur-
prisingly, the “self-inhibited” form is
stable in our simulations, making it a
reasonable target for drug design. The
alanine mutant, lacking a large side
chain at position 71, displays significant
differences in flap dynamics from wild
type, freely sampling very open and
closed conformations. Our simulations
show that Tyr71, in addition to its previ-
ously determined functions in catalysis
and substrate binding, has the important
role of modulating flap conformations in
BACEIl.
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INTRODUCTION

Alzheimer’s disease (AD), the most common cause of dementia in the el-
derly, is a devastating ailment that affects more than 30 million people
worldwide.! This neurodegenerative disorder progresses as a general decline
in brain function, initially affecting one’s cognitive abilities and memories
and eventually resulting in incapacitation and death. Although the cause of
AD remains unclear, the current prevailing thought revolves around the
“amyloid cascade hypothesis.” This hypothesis states that the overproduction
and extracellular accumulation of the 42-residue B-amyloid peptide (AB) is
involved in AD from its earliest stages onwards.2>3 Thus, lowering the con-
centration of AP in the brain may prevent or cure AD. AB is formed from
the cleavage of amyloid precursor protein (APP), a 695-770-residue trans-
membrane protein. The initial cleavage event that commits APP to its deg-
radation into A is carried out by the protease -site APP cleaving enzyme
1 (BACEL). The absence of BACE1 activity greatly attenuates AR produc-
tion, 40 so the inhibition of this enzyme has come under a tremendous
amount of scrutiny as a potential therapeutic mechanism for the treatment
of AD.

BACEL1 is a 501-residue type-I transmembrane protein, consisting of a
large extracellular N-terminal domain, a transmembrane domain, and a
short C-terminal domain.” The N-terminal domain, which performs the cat-
alytic function, is ~30% identical to aspartyl proteases such as pepsin, ca-
thepsin D, and renin and shares their general fold. This domain is predomi-
nantly (-sheet and consists of two lobes, formed from the domain’s N- and
C-terminal halves [Fig. 1(A), green and blue, respectively].8 The substrate-
binding site lies in a cleft between the two lobes and is partially covered by
a flexible hairpin loop known as the flap, formed by residues 68 to 77
[BACE1 numbering; Fig. 1(A), yellow]. When an inhibitor is present, the
flap generally assumes a closed conformation over the inhibitor [Fig. 1(B),
red].8 However, in the unbound state, the binding site is more open, and
the flap is in an elevated conformation [Fig. 1(B), blue].9-11 Compared to
the closed form, the elevated flap is 5-7 A farther from the base of the cleft.

Just as the flap conformation varies in different crystal structures, the flap
residue Tyr71 is found in several orientations that differ by the rotameric
state of its side chain (as defined by y;, the N-Ca-CB-Cy dihedral angle).
The most commonly observed orientation for Tyr71 in crystal structures has
a 7y, angle near —60° (=300°), pointing the side chain back and away from
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Figure 1

(A) Top view of BACEI bound by an inhibitor (PDB 1FKN). The
inhibitor (gray balls and sticks) occupies a cleft between the N-terminal
(green) and C-terminal lobes (blue). The flap is highlighted in yellow.
(B) Front view of BACEI showing the different flap conformations and
Tyr71 orientations. The conformations include closed (red; from bound
structure 1FKN) and elevated (blue; from unbound structure 1SGZ),
which have Tyr71 orientations TyrBack and TyrUp, respectively.
Overlaid is the flap from a chymosin crystal structure (cyan; 1CMS)
with a TyrDown orientation. This flap conformation resembles the
twisted conformation observed in our studies. (C) Zoomed-in view of
the flap and catalytic site highlighting several metrics used in this work.
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the catalytic site [TyrBack in Fig. 1(B), red]. This orienta-
tion allows for the formation of an important hydrogen
bond network involving the Trp76 side chain NH, Tyr71
OH, an ordered water (known as W2), Ser35 OH, and an
Asp32 side chain O atom that is conserved in most inhibi-
tor-bound forms of pepsin-like aspartyl proteases.!? The
second orientation is observed in the 1SGZ crystal struc-
ture.” This is a “tyrosine up” conformation with ¥, ~
+60°, placing the Tyr71 side chain flat against the under-
side of the flap [TyrUp in Fig. 1(B), blue].9 Most crystal
structures of BACE], including all of those that have a
closed flap, display a TyrBack orientation. The two apo
structures available at the initiation of the project both
have an elevated flap but different Tyr71 orientations: Tyr-
Back (1W50) and TyrUp (ISGZ).9’10 A later crystallo-
graphic study revealed that unbound BACE]1 in different
pH environments undergoes small conformational
changes (RMSD < 1 A) within the elevated-flap state,
accompanied by small changes in the position of Tyr71.11
The structures at pH 4.5 (2ZHT) and pH 7.0 (2ZHV) are
proposed to represent active and inactive states of the
enzyme, respectively. The pH 7.0 structure very closely
resembles the 1W50 structure, which was obtained at pH
6.6.10 Despite the small changes, it should be emphasized
that both the 2ZHT and 2ZHV structures had Tyr71 in
the TyrBack state and the flap in an elevated state; signifi-
cant changes in the flap orientation and Tyr71 rotamer
were not observed as the pH changed.

Tyr71 may exist in a third orientation (with ¥; ~
180°) that has its side chain pointed down toward the
catalytic region, packed against the hydrophobic residues
of a pocket of the binding cleft known as the S1 site. We
termed this orientation “tyrosine down” [TyrDown in
Fig. 1(B), cyan]. Although it has not been observed in
any BACEI crystal structures to date, this orientation was
seen in several crystal structures of the aspartyl proteases
chymosinw_15 and saccharopepsin.16 Furthermore, it
was observed in a molecular dynamics (MD) study of
unbound BACE], raising the possibility that TyrDown is
a readily sampled rotamer for Tyr71 in the apo state.l” It
has been called a self-inhibiting conformation because
the occupancy of S1 by the Tyr71 side chain led to the
idea that this orientation prevents substrate binding.!8 It
should be noted that the Tyr71 y; angle is 180° in several
structures of BACEIL: 2Q11, 2Q15, 2WJO, 2ZJK, and
3H0B.19-22 However, the side chains would not be clas-
sified as TyrDown by our definition because the SI sites
are occupied by ligands, not Tyr71.

Tyr71 is invariant among the pepsin-like aspartyl pro-
teases, indicating that this residue is crucial to the func-
tion of these enzymes. Although no experimental work
has yet been done on BACEl mutants of this residue,
mutation of the equivalent Tyr residues in other aspartyl
proteases has been investigated to pinpoint its role. Its
importance is underscored by the fact that in both chy-
mosin and Rhizomucor pusillus pepsin, mutation of Tyr71
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(BACE1 numbering) to almost any other amino acid
resulted in negligible enzymatic activity.2324 The
authors concluded that because the residue at position 71
strongly influences both K, and k., this tyrosine both
affects the substrate capture and plays a direct role in the
catalytic mechanism. In both chymosin and pepsin, this
Tyr residue is in nearly the same environment as it is in
BACE1. Its side chain is well-positioned to accept a
hydrogen bond from a Trp side chain in essentially the
same physical location (although not homologous by
sequence) as Trp76 in BACEL.10 Also, the S1 pockets of
all three are lined entirely by hydrophobic side chains.
The similarity of environment and the invariance of
Tyr71 suggest that its role and effects of mutation should
be no different for BACEL.

The fact that the flap conformations and Tyr71 orienta-
tions differ in the crystallographic data suggested the hy-
pothesis that in addition to its roles in catalysis and sub-
strate binding, Tyr71 affects BACE1 function by a third
mechanism: modulating the flexibility and conformations
of the flap. Previous MD studies have hinted at this role,
noting that a closed conformation is favored by the pres-
ence of a Tyr71-Trp76 hydrogen bond (a characteristic of
TyrBack) but disfavored by its disruption.1” We have per-
formed 220 ns of MD simulations of BACE1 to more fully
investigate our hypothesis and clarify the link between
flap flexibility and Tyr71 orientation. A key aspect of our
work is the analysis of a simulation of the Y71A mutant of
BACE1 which shows significantly more flexibility than
wild-type BACE1 and distinct conformations. This mutant
was chosen because it eliminates nearly all the potential
interactions of the Tyr71 side chain: the hydrogen bonding
interactions of the OH as well as aromatic and hydropho-
bic interactions of the phenyl ring.

MATERIALS AND VMIETHODS

A total of 11 simulations were performed for 20 ns
plus equilibration. For the apo state of wild-type BACEL,
four independent simulations were initiated from the
1SGZ crystal structure (denoted 1SGZ-A to 1SGZ-D),?
four from 1W50 (1W50-A to 1W50-D),10 and one from
2ZHT.11 The 2ZHT structure was released at the conclu-
sion of our study; multiple runs were not conducted
with 2ZHT because the simulation was similar to the
IW50 simulations already completed. One simulation of
BACE1 bound to the peptidic inhibitor OM99-2
(1IFKN)8 and one of a Y71A mutant in the apo state
were also performed. The Y71A model was created from
the 1SGZ crystal structure by truncating the side chain of
residue 71 at the C@ atom.

System preparation

Crystal structures of BACE1 (PDB: lFKN,8 ISGZ,9
1W50,10 and ZZHTH) were obtained from the Protein

Data Bank.2> 1FKN and 1SGZ contain multiple chains in
their asymmetric units, so only the first chain was
retained. All crystallographic water molecules within 4 A
of the protein were retained.

The 1W50 crystal structure is missing residues 158 to
167, part of a disordered loop. This loop was built into
the 1W50 model using 2G94,20 the most highly resolved
complete structure at the time. Because of the loop’s dis-
tance from the flap and the inherent flexibility of this
insert, which allows it to move independently of the rest
of the protein, the specific conformation adopted by this
loop during our simulations was unlikely to influence
flap dynamics.10

Hydrogen atoms were then added to the structures.
The protonation states of the histidine residues were
determined by visual inspection. It was clear from the
hydrogen-bonding pattern for two residues, His45 and
His360, that an uncharged side chain was most appropri-
ate. The remaining five were modeled in the charged
state, because BACE1 exhibits maximum function at low
pH.H’27 The catalytic residues, Asp32 and Asp228, were
modeled in a protonated and deprotonated state, respec-
tively. This is the most likely state of the functional
enzyme based on previous theoretical and experimental
work.28,29

The complete protein structures were solvated with
enough water to ensure that no protein atom was nearer
than 10 A from the edge of the periodic box. The result-
ant box was shaped like a truncated octahedron with a
width of ~80 A. To neutralize the system charge, sodium
ions were added in the positions of lowest electrostatic
potential 10 A from the protein surface. The full systems
contained ~40,000 atoms. The setup of the simulation

box was performed with the tLEaP module of Amber
8.30

Molecular dynamics

Simulations were initiated from 1FKN (with its
ligand), 1SGZ (four independent runs in which initial
velocities were assigned based on different random num-
ber seeds), the 1W50 model (four independent runs),
27ZHT, and the Y71A model. All minimizations and sim-
ulations were performed with the sander module of
Amber 8.30 Equilibration of the systems was achieved in
six steps: hydrogen minimization; full system minimiza-
tion; water heating while keeping the protein fixed (50
ps); equilibration of the water around the fixed protein
(220 ps for the Y71A mutant, 200 ps for the others);
heating of the fully unrestrained system (50 ps); and
equilibration of the fully unrestrained system (200 ps for
1FKN, 1200 ps for the others). The steps with the protein
constrained were performed to eliminate the void volume
between water and protein that resulted from the solva-
tion algorithm, which was found to be important in pre-
vious simulations.31
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The Amber ff03 force field32 was used with TIP3P
water parameters.33 The two unnatural residues of the
ligand in 1FKN required special treatment. Atomic
charges for these residues were determined with RED-II
software, utilizing the protocol that was used to deter-
mine standard ff03 charges.34 Appropriate atom types
were chosen from those that already existed in the force
field, and no extra parameters were required.

During the simulations, the SHAKE algorithm was
used to constrain the lengths of bonds involving hydro-
gen atoms, allowing us to use a time step of 2 fs. Coordi-
nates were saved every 2 ps for the 20-ns simulations. A
pressure of 1 bar was maintained by Berendsen coupling
with a time constant of 1 ps.3> The temperature also was
maintained by Berendsen coupling. During heating, the
target temperature increased linearly over time from 10
to 310 K, and the time constant of the thermostat was
0.1 ps. During constant-temperature simulations, the tar-
get temperature was 310 K and the time constant was 0.5
ps. The cutoff for van der Waals and short-range electro-
static interactions was 10 A, and long-range electrostatics
were treated with PME. Structures and trajectories were
viewed with VMD36 and PyMOL.37 Analysis of the sim-
ulations was performed primarily with the ptraj module
of Amber 8.30

For clustering, we used frames taken every 10 ps (every
five frames) from the simulations. Frames from the Y71A
simulation were taken as one group (2001 frames). After
combining all nine wild-type simulations, two other
groups were created from all frames with a Tyr71 orien-
tation of TyrDown (8118 frames) and TyrBack (9492
frames). TyrUp frames appeared for only a few ns of one
simulation and were not clustered. Each snapshot was
aligned by the Ca atoms of the protein core (all residues
except the flap and residues 158-170 and 310-315, which
are missing in some structures) and then clustered
according to the Ca atoms of the flap (residues 69-75),
similar to the procedure used in a previous MD analysis
of BACE1.17 Clustering was performed with ptraj from
AmberTools 1.2,38 using the means algorithm, 10 clus-
ters, and a distance metric of root-mean-squared devia-
tion (RMSD).

RESULTS AND DISCUSSION

Global characteristics

The general characteristics of our simulations, includ-
ing RMSDs from the crystal structures (Supporting In-
formation Fig. S1A), residue B-factors (Supporting Infor-
mation Fig. S1B), and correlated motions, are very simi-
lar to those for previously reported MD simulations of
BACE1.17:28,39-42 Thjs supports the quality of our sim-
ulations and indicates that it is appropriate to compare
our results to others in the literature.
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Evaluation of Tyr7 1 orientation

Choosing the y; angle to define the orientations of
Tyr71 allows for a clear separation of each frame into the
three distinct states, TyrUp, TyrDown, and TyrBack (Fig.
2). The time dependence of y,; demonstrates that the
three states are not in rapid equilibrium; instead, transi-
tions between Tyr71 orientation states occur infrequently
so that Tyr71 remains in a single orientation for a long
time with respect to MD time scales. Therefore, it is rea-
sonable to break the simulations into distinct multi-ns
segments based on the y; angle, resulting in one TyrUp
trajectory and five each of TyrDown and TyrBack. Signif-
icant deviations from the ideal y; value for TyrBack
(—60° = 300°) were observed in some trajectories; these
will be discussed below. Also, the overall distribution of
frames suggests that TyrUp is much less stable than the
other two orientations; this too will be discussed below.

Another metric considered as a descriptor of Tyr71
orientation is the distance between Tyr71 OH and Asp32
CB atoms (ryp). This and the other metrics discussed
below are illustrated in Figure 1(C). For brevity, the data
on individual trajectories is provided in the Supporting
Information Figures S2-S9, and histograms of the cumu-
lative behavior over all related simulations are given in
Figure 3. The distributions of ryp show distinct distribu-
tions depending on y; [Fig. 3(B)].

Evaluation of flap conformation

Several metrics are used to describe the conformations
of the flap, including three devised by Gorfe and
Caflischl” for ease of comparison between our studies
[Figs. 1(C) and 3(C-E)]. Elevation of the flap, Z, is
defined as the distance between Ca of Thr72 and CB of
Asp32. Two measures of the width of the active site are
X, the distance between Co of Thr72 and Ca of Thr329,
and Y, the minimum distance between side-chain heavy
atoms of Thr72 and Arg235. Comparison of these met-
rics with those from the simulations of Gorfe and
Caflisch suggest some overlap between the sampling in
the two sets of simulations, but opening of the binding
site—a simultaneous increase in the values of X, Y, and
Z—was more commonly observed in their simulations
[Fig. 3(C-E)].

To better understand the discrepancy in opening, rep-
resentative structures of the protein were obtained by
selecting the centroids after clustering all the frames dis-
playing the TyrBack and TyrDown orientations (Fig. 4).
The TyrUp orientation was not considered because it has
only minor occupancy. As expected, the centroid X, Y,
and Z values overlaying the data for all frames show that
they are well representative of the overall behavior of the
trajectories (Supporting Information Figs. S10-523).

Comparison of the centroids shows that the reference
point for Z, the catalytic residue Asp32, is relatively deep
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Figure 2

Tyr71 y, angle measurement (black) as a function of time for all the wild-type apo simulations. Note that a y; value of 300° is equivalent to —60°.
For each simulation, the data recorded before time 0 is the equilibration. The production data (time 0-20 ns) is separated cleanly into multi-ns
TyrUp, TyrDown, and TyrBack trajectories. For simulations that have at least one transition (in equilibration or production), the flap twist
measurement @ [see Fig. 1(C)] is shown in gray. The flap twist tends to be at high values at the time of the transitions (see Table I).

in the protein at the bottom of the binding site and con-
sequently has little conformational flexibility (Fig. 4).
Because the reference point is more or less fixed, changes

in Z generally occurred as a direct result of flap motion.
On the other hand, the points of reference for X and Y,
the loop containing Thr329 and the side chain of

A: Y71 X1 B: ryp (dist. Y710H-D32C3) C: Z (dist. T72Ca-D32C3) D: X (dist. T72Ca- T329Ca)
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Histograms for various metrics for Tyr71 orientation and flap conformation, as defined in Figure 1(C). y; and ryp involve the Tyr71 side chain,
and thus are not defined for the Y71A simulation. Each tick on the Y-axes is 1000 frames.
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Figure 4

Centroids from clustering the flap main chain structures from the
TyrDown (A, B), TyrBack (C, D), and Y71A (E, F) frames, viewed from
the front (left) and straight down the flap (right). The spectrum of
colors corresponds to the number of frames in the cluster represented
by the centroid, from red (most populous) to dark blue (least
populous). The Tyr71 and Arg235 side chains are shown as sticks, and
the Asp32 CB atom is shown as spheres. The multiple positions of the
loop containing Thr329 are marked with arrows in A. The position of
Asp32 CB is relatively stable compared to Arg235 or the 329-loop. In
many TyrDown centroids, the flap is twisted with the Tyr71 and Thr72
side downward. There is less twist in the TyrBack centroids, and the
twist is reversed in the Y71A centroids. The Y71A centroids are
generally very high or very low in elevation, while there is little
elevation in most of the TyrDown and TyrBack centroids.

Arg235, displayed much more flexibility (Fig. 4), and
therefore changes in these values often occurred inde-
pendent of flap conformation. In particular, an increase
in X often arose due to the upward flip of the loop con-
taining Thr329, especially in the TyrDown trajectories
[Fig. 4(A)]. Even in the bound simulation, in which the
flap was quite rigid (discussed below), there was a broad
distribution in X and Y [Fig. 3(D,E)]. Because X, Y, and
Z do not all depend entirely on the flap conformation, it
is not surprising that there is not always a correlation in
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the three measurements. This is particularly notable with
TyrDown, which has a relatively narrow distribution of Z
at a low value [Fig. 3(C)], at first glance suggesting that
the binding site is rarely open, but a broad distribution
of X and Y centered at high values, at first glance sug-
gesting that the binding site is often open [Fig. 3(D,E)].
This contradiction highlights the limitations in the utility
of these metrics.

Consequently, it is desirable to find other metrics that,
like Z, are more reflective of the flap conformation alone.
Gorfe and Caflisch suggested one possibility: flap curling,
a main cause of binding site opening observed in their
simulations defined as the angle between the Ca atoms
of residues Tyr71, Thr72, and GIn73 [Fig. 1(C)].17 How-
ever, such curling is not observed in our simulations,
and there is very little variation in the defined angle [Fig.
3(G)]. Instead, as is clearly observed in the centroids, the
flap exhibits considerable variation by twisting (Fig. 4),
so we define the flap twist @ as the dihedral angle Trp76
C-Val69 N-Thr72 Ca-GIn73 Ca [Fig. 1(C)].

Note that in positive flap twists, Thr72 is tipped to-
ward the bottom of the binding site. Therefore, large flap
twists cause a somewhat misleading decrease in Z. Even
if GIn73 does not change position, but the flap twists,
the value of Z is reduced. Therefore, we introduce Z’, the
GIn73 Ca-Asp32 CB distance, as an alternate metric of
flap elevation [Fig. 1(C)]. This is very similar to Z but is
less affected by changes in flap twist.

Based on the overall patterns in the distributions, it is
immediately clear that Tyr71 and the flap are very stable
in the bound simulation. For all metrics, the distribu-
tions are very narrow (Fig. 3), and the calculated B-fac-
tors of the flap are much less than those of the unbound
(Fig. 5). This is in agreement with the crystallographic
data and the results of previous MD simulations.8=11,17

Ca B-factors of Flap Residues

T 1 I I I 1 I T I 1 I T
i TyrDown | |
400 — — TyrBack
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~ . 300 —Y71A H
‘? ----- Bound
2
o 200 g
&
s =
100 i
0“.1 ....... TN T RN PERS Rk Ll R A rune T

65 67 69 7 73 75 77 79
Residue number
|
Figure 5

B-factors of the Ca atoms of flap residues for the trajectories separated
by Tyr71 orientation.
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Scatter plots of the flap twist ¢ against the elevation Z [see Fig. 1(C) for definitions] for all frames, both equilibration and production, separated
by Tyr71 orientation. The values for relevant crystal structures and the centroids from clustering the TyrDown (A), TyrBack (B), and Y71A frames

(D) are overlaid.

Tyr71 controls flap conformation and
flexibility

The histograms for both elevation Z (and Z’) and twist
¢ of the flap show a strong dependence on Tyr71 orien-
tation. In agreement with this, scatter plots of ¢ versus Z
show distinct regions corresponding to all three orienta-
tions of Tyr71 (Fig. 6), although there are comparatively
few frames with TyrUp, so discussion of this orientation
will not be emphasized. This demonstrates that changes
in Tyr71 are sufficient to significantly alter the conforma-
tion of the flap.

A TyrDown orientation often leads to a highly twisted
flap, sometimes with ¢ as high as 80°, due to geometric
restrictions of the side chain’s occupancy of the Sl
pocket. On the other hand, extreme twists with ¢ > 60°
are almost never observed in the TyrBack structures
(only 0.03% of the time), and even a relatively modest
twist of @ > 40° is seen less than 2% of the time. Instead
TyrBack structures are distributed around a lower twist
value, even displaying a tail towards —¢, highlighting
that TyrBack is skewed to twist in the opposite direction
of TyrDown.

For Z and Z/, the flap elevation metrics, the TyrBack
distribution is slightly broader and shifted toward higher
values than that for TyrDown [Fig. 3(CF)]. One of the
main reasons for this is that TyrBack displays less hydro-
gen bonding between the flap side chains, especially
Tyr71, and the base of the binding site, which is corre-
lated with lower elevations. In the TyrBack orientation,
the Tyr71 OH is generally in a relatively stable position
as a part of the hydrogen bond network between Trp76
and W2 [Fig. 7(B), centroid 1, red], and thus is less
available to form other interactions with lower groups.

In contrast, the OH group in TyrDown has no preferred
position. Instead, the Tyr71 OH group in the TyrDown
orientation sometimes forms a direct hydrogen bond
with an Asp32 side chain O (15% occupancy; Fig. 7,
centroid 2, pink), and more often, a water-mediated
hydrogen bond with GInl2 O [41% occupancy; Fig.
7(A), centroid 1, red]. Also, hydrogen bonds from Thr72
OH to Gly230 O or Thr231 OH are more populated in
TyrDown [44% occupancy; Fig. 7(A), centroid 4, yellow]
than in TyrBack (15%).

Direct interactions between the Tyr71 OH and the bot-
tom of the binding site are less common for TyrBack.
However, loss of W2 occurs twice within the TyrBack tra-
jectories, about halfway through 1W50-D and 2ZHT. Af-
ter this event in each simulation, hydrogen bonds
between Tyr71 OH and either Ser35 OH or Asn37 back-
bone O (the two acceptors of W2 in the usual network)
are much more populated [72% compared to 1.5% for
frames with W2 present; Fig. 7(B), centroid 8, cyan].
Also, the hydrogen bond with the Trp76 side chain is
much less populated (22% compared to 82% for frames
with the W2 present). The change in the hydrogen bond-
ing structure allows for significant deviation from the
expected y, value (Fig. 2). Furthermore, the Z and Z'
values are generally lower when the Tyr71 side chain
moves downward to compensate for the absent W2,
although there is some variability in flap elevation with
2ZHT (Supporting Information Figs. S4 and S7).

In brief periods when the restrictive hydrogen bonds
are broken, however, the flap is able to adopt much more
elevated structures. For TyrDown, higher Z values invari-
ably occur with a twisted flap [Fig. 6(A); Fig. 7(A), cent-
roid 6, green]. For TyrBack, the most extensive period of
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Figure 7

Hydrogen bonds between residues in the flap and the base of the
binding site in representative TyrDown and TyrBack centroids. The
coloring is the same as that in Figure 4. (A) TyrDown centroids. The
centroid of cluster 1 (the most populous; red) displays a water-
mediated hydrogen bond from Tyr71 OH to GInl2 backbone O. The
centroid of cluster 2 (pink) has a hydrogen bond from Tyr71 OH to
Asp32 side chain OH. The centroid of cluster 4 (yellow) has a hydrogen
bond from Thr72 OH to Gly230 O. (B) TyrBack conformations. The
centroid of cluster 1 (red) displays the conserved hydrogen bond
network involving Trp76, Tyr71, W2, and Ser35. For clarity, the Ser35
side chain is omitted, but its backbone ribbon is colored to show its
general location. The centroid of cluster 8 (cyan) has a much lower flap
with a direct hydrogen bond from Tyr71 OH to Asn37 backbone O.
Another representative frame (purple; not one of the ten centroids) has
a Tyr71 OH-W2 hydrogen bond but not Trp76 NH-Tyr71 OH. In both
A and B, centroids are shown with more elevated flaps (A, centroid 6,
green; B, centroid 4, yellow) in which the flap residues have no
interactions with the base of the binding site.

2254 FroTEINS

an elevated flap occurs during 1W50-B (Supporting In-
formation Figs. S4 and S7) when the hydrogen bond
between Tyr71 and W2 is broken, although W2 remains
in place. After the opening event, reformation of a
hydrogen bond between the same two atoms in a differ-
ent arrangement in which the Tyr71 OH does not accept
from the Trp76 side chain [Fig. 7(B), purple] results in
the stabilization of the Tyr71 with a significant deviation
from the typical y, angle (Fig. 2).

On the whole, the TyrDown orientation allows less
flexibility than TyrBack. This is evident in two ways.
Firstly, the B-factors of the Ca atoms of the flap residues
display this difference (Fig. 5). Secondly, the average pair-
wise RMSDs between TyrDown centroids (1.92 + 0.59 A;
error is standard deviation) is somewhat less than that
for the TyrBack centroids (2.77 £ 1.17 A), although the
TyrDown value is within 1 standard deviation of the
measurement for TyrBack. These data show that in addi-
tion to controlling the specific conformations that the
flap samples, the Tyr71 orientation influences flap flexi-
bility in general.

To further explore the role of Tyr71 in determining
flap conformation, a simulation of Y71A mutant BACE1
was performed. Removal of the side chain at residue 71
results in very different behavior of the flap. All the met-
rics, Z, 7/, X, Y, and ¢, are markedly different from those
of the wild-type simulations (Fig. 3). Focusing on the
flap twist, it is apparent that the lack of the side chain
interactions at residue 71 allows the flap to twist up and
away from the catalytic Asp residues, resulting in negative
values of @ that are not observed in wild-type [Fig.
3(H)]. The negative flap twist results in the unusual sit-
uation that the Z' values are slightly lower than the Z
values [Fig. 3(C,F)]. Focusing on the elevation, the flap
remained in an elevated position for the majority of the
simulation with Z values of 15-19 A, significantly higher
than in the wild-type simulations, even the short TyrUp
trajectory [Fig. 3(C)]. These Z values for the Y71A simu-
lation exceeded that for the 1SGZ crystal structure on
which it was based (15.3 A) and are in the range of those
for the other apo, wild-type crystal structures. Thus the
Y71A simulation is the only one to extensively sample
the elevated states of these structures. After sampling the
elevated state for ~13.5 ns, the flap abruptly changes to
an extremely low conformation. While the twist remains
negative, the Z and Z' values of these flap conformations
are centered at a peak lower than any of the wild-type
simulations (Fig. 3). The low elevation and negative twist
are due in part to the fact that the GIn73 side chain NH,
group becomes trapped, forming two very stable hydro-
gen bonds with the backbone carbonyls of Gly230 and
GIn12. The conformations of the flap that allow GIn73 to
attain this position display a kink just N-terminal to
Ala71 that places its CB atom relatively close to the
Tyr76 side chain, a movement that is much less favorable
for the wild-type flap with the TyrBack orientation due
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Figure 8

2D RMSD plots showing the pairwise main chain flap RMSD for the frames in simulations 1SGZ-A, 1SGZ-B, and Y71A. 1SGZ-A and -B are the
two simulations that display a Tyr71 transition during production. The time that the Tyr71 orientation changes is noted with arrows; in both cases,
there is an immediate drastic shift in flap conformation. Conformational changes are apparent at other times as well. The Y71A plot shows that this

flap also samples multiple states.

to sterics. This suggests that Tyr71 is the optimal size to
prevent flap collapse. The differences in the structures
sampled during this simulation are readily seen in the
centroids based on clustering [Fig. 4(E,F)]. Some of the
most elevated centroids appear to have a curl in the flap
tip when viewed laterally [Fig. 4(E)], but actually, mea-
surement of the characteristic flap curl angle reveals that
this is not the case. The measurements of the flap curl
for every Y71A centroid lies between 82 and 95°, essen-
tially the range of the uncurled flaps of the 1FKN and
1SGZ crystal structures (83.3° and 96.8°, respectively).

The lack of the side chain also significantly increases
the flexibility of the flap. In the Y71A simulation, the B-
factors of the flap Ca atoms were greater than those in
either TyrBack or TyrDown (Fig. 5). Furthermore, the av-
erage pairwise RMSD between the Y71A centroids is 3.40
+ 1.53 A, again, greater than that for either TyrBack or
TyrDown.

Conformational transitions

During the apo simulations, a total of nine transitions
between Tyr71 rotameric states were observed in five dif-
ferent simulations, including all of the 1SGZ simulations
(Fig. 2). Several different patterns were seen. In 1SGZ-A,
Tyr71 interconverts three times between the TyrUp orien-
tation seen in the crystal structure and the TyrDown
state, twice very early in equilibration. The TyrUp then
remains stable for ~4 ns of production before rotating a
final time to TyrDown. In 1SGZ-B, all three states are
sampled: it flips from the TyrUp state to TyrDown dur-
ing equilibration, is stable for ~5 ns, and then flips to
the TyrBack state for the remainder of the simulation. In
1SGZ-C, the orientation transitions from TyrUp to Tyr-
Back for a very brief time before stabilizing at TyrDown
for the full length of production. In 1SGZ-D, a single

transition from TyrUp to TyrDown occurs during equili-
bration. Finally, in 1W50-C, the only 1W50 simulation
that displays a transition, the initial TyrBack orientation
flips to TyrDown during equilibration, which is stable for
the rest of the simulation. Most of the possible transi-
tions occur: TyrUp to TyrDown and the reverse (five
occurrences), TyrDown to TyrBack and the reverse (three
occurrences), and TyrUp to TyrBack (one occurrence). It
is notable that there is only one direct transition between
TyrUp and TyrBack. This suggests that such a transition
is a rare event due to the physical structure of the active
site and the flap; TyrDown is a necessary intermediate
between the two. More examples of transitions are
needed to make a definitive statement, though, especially
given that most of the current examples (all but two)
occur during equilibration and may not truly reflect the
native protein’s behavior.

In the simulations where transitions happen during
equilibration, there is little data to show before/after
effects, but two of the simulations based on 1SGZ can be
examined in more detail because the change occurs well
into production. Figure 8 provides a comparison of the
flap main chain RMSD between all frames of the trajec-
tories. Figure 8(A,B) clearly show a large transition at the
time of the Tyr71 orientational change. Other conforma-
tional changes between substates are apparent throughout
both simulations; some of those in 1SGZ-A represent as
large a conformational change as the main transition
when measured by the RMSD between adjacent struc-
tures. Nevertheless, this again demonstrates that a sub-
stantial conformational change in the flap accompanies a
transition in Tyr71 orientation. The Y71A simulation
shown in Figure 8(C) is presented to highlight its re-
markable conformational transition as well.

In Figure 2, the behavior of Tyr71 y,; is overlaid on
the flap twist for simulations with transitions between
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Table |

() Values for All Frames and for 100-ps Segments Immediately Before and After Tyr71 y, Transitions

Simulation All frames 18GZ-A* 18GZ-B? 18GzZ-C* 18Gz-D? 1W50-C*
x° ] U-D U-D U-B U-D B—D
(p) 10.0 19.8-417 25.9-30.5 44-36.4 35.6—56.1 39.8—47.1
11° D DU D-B¢ B-D

(o 249 33.7--18 455-17.7 29.2—-39.6

1" B U-D°

(o 12.5 31.7-59.3

*Average values for the frames 100 ps before and after each transition in the given simulation.

U TyrUp; D: TyrDown; B: TyrBack.
“Transitions noted in bold occurred during production, not equilibration.

Tyr71 states. In most events where the state changes, the
flap adopts a highly twisted conformation, often with ¢
> 40°, regardless of whether the event occurs during
equilibration or production. Quantifying these data, the
mean ¢ values for the 100 ps immediately before and af-
ter the transition, shown in Table I, are almost always
higher than the overall mean ¢ values for the particular
Tyr71 orientations involved. The tendency towards large
twists is especially prominent in the two production tran-
sitions. Immediately before and after the TyrUp to Tyr-
Down transition in 1SGZ-A, the flap twist is 20-30°
higher than the overall means for those two orientations.
Likewise, immediately before and after the TyrDown to
TyrBack transition in 1SGZ-C, the flap twist is 5-20°
higher. This implies that a twist is required for a transi-
tion, but it does not appear to force a transition because
many points in the simulations have ¢ > 40° while
remaining in their rotameric state.

Relative stabilities of the Tyr71 orientations

It is difficult to precisely determine the relative stabil-
ities between TyrUp, TyrDown, and TyrBack from our
simulations. The small number of transitions indicates
that complete sampling of the Tyr71 orientation has not
been achieved, even with 180 ns of data. However, it is
almost certain that TyrUp is much less stable than either
TyrBack or TyrDown. In the current data set, only ~2%
of the frames have the TyrUp orientation. Even that small
number is almost certainly an overestimate of the true
occupancy, because we observed only transitions from
TyrUp but none to it (except for one during equilibra-
tion), and our simulations are biased towards TyrUp
because four of them began in that state.

It is much less clear how TyrDown and TyrBack com-
pare to each other. The low frequency of interconversion
demonstrates that the barrier between the two orienta-
tions is relatively high, but the simulations provide little
information about the energy difference between them. It
cannot be ruled out that there is a large difference in
energy favoring TyrBack. In an extreme scenario, Tyr-
Down is an artifact that appears in these simulations
solely because the system is transiently trapped in a high-
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energy local minimum but does not have time to reach
the dominant global minimum, TyrBack. However, such
an extreme case seems unlikely, given the facts that some
aspartyl proteases have been crystallized with the Tyr-
Down orientation!3~16 and that one simulation starting
with TyrBack did convert to TyrDown [1W50-C, Fig.
2(G)], albeit during equilibration. Therefore, a more
modest energy difference appears more reasonable. More-
over, the conclusion from our simulations that Tyr71 is a
key determinant in flap flexibility and conformations
remains valid regardless the relative populations of the
two orientations.

It appears that the extent and type of intramolecular
interactions involving Tyr71 are responsible for the rela-
tively high stabilities of TyrBack and TyrDown compared
with TyrUp. The stability of TyrBack is predominantly
due to the hydrogen bonds between the Tyr71 side chain,
Trp76, and W2. The stability of the TyrDown orientation
arises mainly through favorable but nonspecific van der
Waals contacts between Tyr71 and the hydrophobic resi-
dues Leu30, Phel08, Trp115, and Ile118 that form the S1
pocket of the binding site. In contrast, in the TyrUp ori-
entation, there are few contacts between Tyr71 and the
rest of the protein. The hydrogen bond from Tyr71 OH
to the Lys107 carbonyl O that crystallographers initially
hypothesized would stabilize the TyrUp orientation? is
occupied infrequently (~3% of the TyrUp trajectory).
Low occupancy was also seen in previous MD simula-
tions.!7 Therefore, the TyrUp orientation probably is sta-
bilized merely by the barriers to rotation about the y;
angle instead of favorable interactions with the rest of
the protein. Furthermore, in a study across a wide range
of protein structures, the least occupied rotamer for Tyr
had a yx; angle of +60° (the same rotamer as TyrUp),
indicating it is intrinsically the least favorable orientation
because of the geometry of amino acids.43

Low occupancy of the elevated flap
conformations

As mentioned previously, only the Y71A simulation
extensively samples flap conformations that are elevated
to the degree of the apo crystal structures [Fig. 3(C,F)].
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In the wild-type simulations, the flap shows flexibility in
twisting but not as much elevation as might be expected
from the crystal structures. The Z values almost never
exceed the crystallographic values (just 1% and 0.2% all
the wild-type frames exceed the 1SGZ and 1W50 Z val-
ues, respectively). The Z' values trend somewhat higher,
due to the fact that this metric controls for the large
twists of the TyrDown simulations. However, even here,
only 4% of all wild-type frames (3% of TyrDown, 4% of
TyrBack, and 22% of TyrUp) have Z' values in excess of
that for 1SGZ, and just 0.4% exceeded 1W50. It is inter-
esting that flap elevation occurs most readily with the
TyrUp orientation, although as mentioned earlier, Tyr-
Up’s population in solution is probably extremely low.

Therefore, the simulations suggest that flap opening
for BACE1 in solution is not common, occurring at most
~4% of the time. This raises the question of why the
flaps in the unbound crystal structures are always ele-
vated instead of closed.

One possibility is as follows. It is clear both from crys-
tallography and modeling that, although the flap in
bound BACEI is quite rigid, there is a wide range of con-
formations accessible to the unbound flap.9~ 1117 Some
conformations of this ensemble are represented in the
crystal structures. Often, the position of the flexible flap
is influenced by crystal packing, so the crystallographic
conditions may preferentially stabilize a form that is not
commonly found in solution.12 For example, in both
IW50 and 2ZHT, the crystal packing is such that the
flaps of adjacent proteins are interdigitated, projecting
into each other’s binding sites (Supporting Information
Fig. S24). Clearly, this is not the functional form of
BACE]1, and there are numerous contacts between the
flap and the symmetrically-related protein. In 1W50, sev-
eral interactions, including those involving the side chain
of Pro70, the Tyr71 backbone O atom, and especially the
GIn73 side chain, seem to pull upwards on the flap, mov-
ing it away from the binding site. In 2ZHT, there are no
specific interflap contacts, but symmetrically-related
Thr72 OH atoms are only 4.2 A apart, and the side chain
of GIn73, less than 5 A from Tyr71 of the adjacent pro-
tein, lies directly between the flap and the base of the
binding site in the symmetric partner. It is significant
that both 1W50 and 2ZHT display the TyrBack orienta-
tion, but the usual hydrogen bond with Trp76 is dis-
rupted because of the displacement of Tyr71. Instead,
Trp76 donates weakly to relatively distant water mole-
cules, with heavy atom-heavy atom distances of 3.3 and
3.2 A in 1W50 and 2ZHT, respectively, and Tyr71 lacks
an ordered hydrogen bond donor. This results in consid-
erable enthalpic and entropic penalties that are probably
unfavorable without the influence of external forces on
the flap. The expected hydrogen bonding arrangement is
quickly restored in our MD simulations, even though the
crystallographic water molecules are preserved in system
setup. Even more noteworthy is the fact that the other

apo crystal structure, 1SGZ, is in a different space group
in which the flaps are more exposed and has a Z value
less than that of 1W50 or 2ZHT by more than 1 A.
Taken together, it is quite possible that crystallographic
contacts artificially stabilize the highly elevated flap in
1W50 and 2ZHT, and that such a conformation would
not be significantly populated in solution. On the other
hand, no specific contacts appear to influence the flap
conformation in 1SGZ, but undoubtedly even this crystal
structure is somewhat determined by crystallographic
conditions. Furthermore, it is notable that the 1SGZ
structure has a TyrUp orientation, which although poorly
populated in solution, displayed an elevated flap with
much greater frequency than either TyrDown or TyrBack.

TyrDown/twisted conformation as a target
for drug design

The TyrDown orientation, in which Tyr71 occupies the
S1 pocket of the binding site, and the unusual twisted
flap conformations that often accompanies it, have not
yet been observed in BACE1 crystal structures. However,
they are reminiscent of several unusual crystal structures
of chymosin and saccharopepsin that also have a Tyr-
Down orientation and a similarly twisted flap.13-16 The
value of ¢ in these structures is ~58°, a relatively high
value consistently observed in stretches of at least 1 ns in
all TyrDown trajectories (Fig. 2). The fact that there is
precedent for this conformation in the crystallographic
data of aspartyl proteases suggests that our observation is
not merely an artifact of the simulation.

One of the crystallographic reports suggested that a
reason this conformation is so rarely observed in crystal
structures of aspartyl proteases is that a Gly residue is
required at position 72 of the flap tip (BACE1 number-
ing) to allow the appropriate degree of ﬂexibility.16
However, BACEI has a Thr residue at position 72, so it
is interesting to observe the stability of the twisted flap
conformation in this enzyme.

It is possible that the twisted conformations explored
in our simulations could be used to identify new BACE1
inhibitors through structure-based drug design, because
the TyrDown orientation appears to be a relatively stable
form of BACEL. The binding site in the region of S1 and
S2" has a much different character than that of the typi-
cally seen TyrBack, closed flap conformations, so inhibi-
tors that bind to this conformation are likely to be sub-
stantially different from those already known. Because
Tyr71 occupies the S1 pocket, it is not available for
ligand binding, although a new hydrophobic face of a
different shape is presented, formed by Ile118 and the
edge of Tyr71. Also, the absence of the Tyr71 hydroxyl
group from the conserved hydrogen bond network
exposes the Trp76 side chain NH and W2, and perhaps
even allowing for the displacement of W2 and the expo-
sure of Asn37 O and Ser35 OH. There is precedent for
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an inhibitor displacing Tyr71 from its TyrBack orienta-
tion and accepting a hydrogen bond from the Trp76 NH
in the crystal structures of 2Q11 and 3H0B.1%2! Inci-
dentally, these crystal structures have Tyr71 orientation
with y; = 180° (the same rotamer as TyrDown),
although the orientation is not truly TyrDown because
the ligand binds in S1, preventing the Tyr71 side chain
from doing so and stabilizing a twisted conformation.

CONCLUSIONS

Our MD simulations of wild-type and Y71A-mutant
BACEL1 have resulted in a number of interesting findings
regarding the flap and the invariant residue Tyr71. This
residue has already been implicated in substrate binding
and catalysis in the function of aspartyl proteases, and
now we add the important role of controlling flap flexi-
bility and opening. Each of the three side chain orienta-
tions of Tyr71 leads to distinct motions of the flap, both
in elevation and twist. Furthermore, removal of the side
chain by mutation to alanine leads to an even more mo-
bile flap that accesses still other conformations. Alto-
gether, our results provide clear evidence that Tyr71 dic-
tates the motion and conformations of the flap as a
whole.

It is acknowledged that the simulations here do not
allow for the determination of the relative energies, and
therefore populations, of the three orientations, because
so few transitions between them were observed. In partic-
ular, it cannot be ruled out that TyrDown is high in
energy compared to TyrBack and represents a lowly
populated orientation that appears here only because it is
a necessary transition between the TyrUp (the starting
orientation in four of the simulations) and the global
minimum, TyrBack. However, it is more likely that the
energy difference between TyrDown and TyrBack is mod-
est, and regardless of its precise value, the key conclusion
that Tyr71 is a major determinant of flap conformation
and flexibility remains valid.

The TyrDown orientation tends to yield a twisted flap
conformation that has been previously unreported for
BACEL. It will be interesting to see if novel inhibitors
can be found to target this new conformation of the
binding site. It is important that we gain a better under-
standing of the mobility of the flap, a key part of the
binding site, to assist in the development of improved
inhibitors for this important AD target. It may be possi-
ble to lock the flap in one of its rarer conformational
states as a new mechanism of inhibition.
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